Biomimetic synthesis of aragonite with various templates in vitro is an important way to understand the biomineralization process and synthesize nacre-like materials. Herein, we used the siphon sheath from the bivalve Lutraria sieboldii as the substrate for the formation of calcium carbonate. We found that the inner layer of the sheath, which is composed of approximately 40% protein and 60% β-chitin, induced the formation of nearly pure aragonite by the transformation of amorphous calcium carbonate (ACC). More surprisingly, unique starfruit-shaped aragonite aggregates were observed on the substrate and were constructed from many adhered, oriented aragonite tablets. We consider that the acid-rich protein from the inner layer of the siphon sheath triggers the formation of ACC, and the swollen β-chitin regulates the transformation of ACC into aragonite by lattice matching and stereochemical recognition. The various surface adhesion energies of the crystal, the change in growth rates on different crystallographic facets, and the hexagonal features of the aragonite tablets led to the formation of starfruit-shaped aragonite aggregates.
Introduction
Biogenic calcium carbonate (CaCO 3 ) has attracted considerable scientific interest because of its outstanding mechanical properties and widespread distribution in nature. There are three common crystalline polymorphs of CaCO 3 : the most stable form, calcite; the metastable form, aragonite; and the least stable form, vaterite. In addition, a hydrated amorphous calcium carbonate (ACC) was observed in sea urchins and nacre [1] [2] [3] [4] [5] and has also been artificially synthesized [6] . Nacre has been studied extensively in the past several decades [7] [8] [9] [10] [11] [12] [13] [14] because of its renowned hierarchical, organic-inorganic composite structure, as well as its superior mechanical properties.
Inspired by the sandwich-like structure of nacre [7, 8] , considerable effort has been devoted to in vitro biomimetic mineralization experiments in an effort to fabricate composite materials that are similar to nacre or to reveal the mechanism of biomineralization. The most common approach for these experiments is to use various substrates, such as chitin [15] [16] [17] , collagen, silk fibroin [18] [19] [20] , fibrous protein, gelatin [21] [22] [23] [24] , and nacre [25] [26] [27] , to modulate the formation of CaCO 3 polymorphs. Furthermore, nacre protein with or without chitin has been used to induce CaCO 3 growth for an improved understanding of the interactions between crystals and proteins [6, [28] [29] [30] [31] . However, to the best of our knowledge, the siphon sheath of the bivalve Lutraria sieboldii has never been used as a substrate for these in vitro biomimetic mineralization experiments.
The bivalve L. sieboldii has a noticeably long siphon that is longer than the shell itself. The siphon is protected by a sheath that is connected to the periostracum at the growth edges of the shell. Structurally, the semitransparent siphon sheath is divided into two layers: a thin, slightly sclerotized outer layer, which is similar to the periostracum, and a transparent, colorless inner layer with a swollen, gelatinous texture. This sheath is likely acting as the template for the nucleation and growth of the CaCO 3 for the shell.
In this study, we conducted in vitro experiments using the siphon sheath as a substrate in order to explore the sheath's ability to modulate the formation of CaCO 3 polymorphs and their morphology. Interestingly, on the inner surface of the sheath, we observed starfruit-shaped aragonite aggregates (SFAA), which were constructed from the aggregation of oriented, attached aragonite tablets that had transformed from ACC. We consider that the acid-rich proteins and β-chitin from the gelatinous siphon sheath inner layer (SSIL) both induce the formation of ACC and regulate the transformation of ACC into aragonite. The transformation from ACC to aragonite is likely a universal phenomenon that exists not only in in vitro experiments [6, 21] but also in natural nacre growth [3] [4] [5] .
Experimental
2.1. Sample Preparation. Fresh L. sieboldii samples were obtained from the seafood market of Nanning in Guangxi Province, southern China. The siphon sheaths were isolated from their shells, rinsed fully with deionized water, and used as the substrates in the biomimetic synthesis experiments. Prior to chemical composition analysis, the SSILs were separated from their outer layer, washed with deionized water, and freeze dried.
Amino Acid Composition Analysis.
The dried SSILs were hydrolyzed in the presence of 6 M HCl at 110°C for 22 h. Next, the acid was removed and the hydrolysate was vacuum dried. The hydrolysate was redissolved in a sodium citrate buffer solution and analyzed with an amino acid analyzer (L-8800, Hitachi) [32] . 3 . With their inner surfaces facing upward, the siphon sheaths were placed on the bottom of a culture dish containing 80 mL of calcium chloride solution (10 mM) [22] . For comparison, another culture dish was set up with only coverslips. Both of the culture dishes and a watch glass containing 10 g of ammonium carbonate were placed in a closed desiccator. CaCO 3 crystals were grown in ambient conditions via the diffusion of CO 2 into the calcium chloride solution for 24 h [33] . The substrates were collected, rinsed by deionized water, and air dried.
Biomimetic Synthesis of CaCO

Characterization.
The dried SSILs and the synthetic crystals were analyzed by FTIR (Nexus 470, Nicolet) with a resolution of 4 cm -1 over a scanning range of 500 to 2000 cm -1 . Crystal morphology was observed by an FESEM (SU8020, Hitachi) operating at 10 kV. After the substrates were treated with ultrasonication in absolute alcohol for 2 min, an HRTEM (JEM-2100F, JEOL) operating at 200 kV was used to determine the polymorph.
Results and Discussion
3.1. Amino Acid Composition Analysis. After freeze-drying, the gelatinous SSILs lost 97.67% of their weight, which implies that the gel has a good capacity for water absorption. Amino acid analysis of the gel presented an unexpectedly low amino acid content at only 37.58%, indicating that protein is not the primary component of the SSIL. Notably, however, the dicarboxylic amino acids, aspartic acid (Asp) and glutamic acid (Glu), had the highest content and accounted for 12.43% and 11.87% of the total, respectively ( Table 1) . This result is similar to a previous report, which showed a high content of Asp and Glu from the proteins within the SSIL of Lutraria lutraria (a close relative of L. sieboldii) [34] . These acidic amino acids might be involved in the formation of aragonite, as the fibrous protein of the bivalve ligament is also rich in Asp and Glu and can induce the formation of almost pure aragonite [21, 32] .
Asp, Glu, and other hydrophilic amino acids accounted for 56.55% of the total, which is strikingly similar to the analysis of proteins from the SSIL of L. lutraria (57.60%) [34] . This hydrophilicity may contribute to the good water absorption capacity of the gelatinous inner layer. However, the ability for the proteins to absorb water is limited, since the overall protein content is less than 40%. The components within the remaining 62.42% of the total weight of the inner layer should play a more important role in the water absorption capacity and swellability.
Notably, the combined Ser, Gly, and Ala content is less than 50% of the total, indicating that the SSIL protein is not a silk-like protein [35] and is also different from nacre protein [8] . It is still not clear if there is a mixture of proteins or a single protein, and further studies are needed to reveal the nature of this unique protein.
FTIR Determination of the SSIL and Synthetic Crystals.
An FTIR spectrum of the SSIL is shown in Figure 1 (a). The spectrum shows three peaks at 1658, 1549, and 1317 cm -1 , which correspond to the amide I-III bands of the CONH group, respectively. The 4 bands at 1155, 1113, 1073, and 1032 cm -1 are assigned to the stretching modes of the C-O-C and C-O [36] . In addition, the peaks at 1378 and 617 cm -1 correspond to the rocking of the methyl group and an out-of-plane hydroxyl group, respectively [37, 38] . These peaks are consistent with the infrared absorption of chitin [36] [37] [38] , which indicates that in addition to protein, chitin is a major component of the SSIL.
In nature, chitin primarily occurs as either the α-or β-allomorph. Generally, β-chitin is found associated to proteins in mollusks [7, 34, 39] and has a higher swelling and affinity towards solvents compared to α-chitin [40] . In our experiment, we observed that the chitin from the SSIL appears alongside the protein (or proteins) and possesses good water absorption abilities and swellability. These findings are consistent with a previous study, which showed that the SSIL of L. lutraria is a chitin-protein complex with a β-chitin content of 45% [34] . Therefore, we believed that the chitin from the SSIL of L. sieboldii also presents as the β-form. Since the SSIL is a chitin-protein complex, it may regulate the polymorph of CaCO 3 by a similar method to nacre, which also contains chitin and protein that could affect the morphology and polymorph of CaCO 3 [8] .
The spectra of the synthetic crystals are shown in Figures 1(b) and 1(c) . Obviously, the spectra of the crystals grown on coverslips show only characteristic calcite peaks at 713, 876, and 1432 cm -1 (Figure 1(b) ), whereas the spectra of the crystals grown on the SSILs show only characteristic , indicating the formation of pure aragonite (Figure 1(c) ). Coincidentally, we obtained similar results when we used the fibrous protein from a bivalve ligament as the substrate [21] . Although the fibrous protein and SSIL are from different bivalve species, both of them are water insoluble, rich in acidic amino acids, and occur in the crystallographic β-form [32, 34] . These common characteristics are likely the key factors controlling the formation of pure aragonite [28] .
3.3. SEM Observation of Synthetic Crystals. Although a sampling time of 24 h was used in all biomimetic experiments, the aragonite crystals that were grown on the siphon sheath had various morphologies, which were observed by SEM (Figures 2(a)-2(c) ). This variety is caused by the different nucleation times and growth stages of the distinct crystals. During the early growth stage, the aragonite crystals are constructed of many lamellas and have an irregular shape with a length and width of 1.65 and 0.89 μm, respectively (Figures 2(a) and 3(a) ). Interestingly, as the crystals grew, an unusual starfruit-shaped aragonite with a length and width of up to 3.38 μm and 1.58 μm, respectively, was found on the SSIL substrate (Figures 2(b) and 2(c) ). This unique structure was made of many lamellar aragonite crystals (Figures 3(b) and 3(c) ). In addition, the concavity between two ridges of an immature starfruit-shaped aragonite was covered by several amorphous substances (Figure 3(b) ). These amorphous substances are likely ACC, since there were no other additives in the reaction solution and the SSIL substrate is water insoluble. Therefore, we deduced that the lamellar aragonite crystals were formed by the transformation of ACC, and the subsequent aggregation of aragonite crystals produces the SFAA.
With increased crystallization time, SFAA gradually developed into spindle-shaped structures, with lengths ranging from 4.19 μm to 6.60 μm and widths ranging from 1.88 μm to 2.61 μm, respectively (Figures 2(b) and 2(c) ). These spindle-shaped structures are strikingly similar to those grown on the inner surface of the shell periostracum from natural L. sieboldii (Figure 4 ). This similarity demonstrates the template-induced growth of aragonite in the bivalve shell, and the siphon sheath may act as the substrate that induces the nucleation and growth of CaCO 3 for the shell. Based on our observations, we concluded that the SFAA is a transition state in the formation of the spindle-shaped aragonite aggregates.
The SEM image of crystals grown on coverslips (Figure 2(d) ) shows only perfect rhombohedral calcite, which supports our previous analysis [21] .
3.4. Observation on the Tip of SFAA. Figure 5 shows the fine structure of the tip of the SFAA. Clearly, a relatively mature SFAA with six ridges was built from many aragonite nanoparticles ( Figure 5(a) ). These nanoparticles adhered in a ladder-like orientation that extends from the tip of the aggregate to the middle ( Figure 5(b) ). Some of these nanoparticles retained the hexagonal structure of the aragonite tablets, and the tablets distant from the tip were wider than those near the tip ( Figure 5(b) ). Even more remarkably, ACC was also observed attached to the tip and the side edge of adjacent aragonite aggregates ( Figure 5(a) ), which suggests that the aragonite crystal was transformed from ACC. These observations suggest that SFAA grows three dimensionally.
Similar to the relatively mature SFAA, the vertical view of an immature SFAA shows a perfect hexagonal structure constructed from a large number of stacked aragonite tablets (Figures 5(c) and 5(d) ). These adhered aragonite tablets are oriented to hexagonal or pseudohexagonal structures, 3 Journal of Nanomaterials similar to those in nacre, and the tablets distant from the tip are thicker and bigger than those near the tip ( Figure 5(d) ). In addition, tablets at the tip exhibit an irregular shape, which indicates that they are newly formed crystals. These observations demonstrated that aragonite tablets primarily stack parallel to the long axis of the SFAA, and the SFAA on the long axis grows from the middle to the two tips. This is not the first time that a starfruit-shaped structure was found. For example, lead wolframate (PbWO 4 ) and gold nanorods and nanowires with a starfruit shape have been synthesized [41, 42] . Starfruit-like vanadium oxide (VO 2 ) with high-power capability and good cycling stability for supercapacitor applications has been reported [43] . Although we have not determined the properties of the 5 Journal of Nanomaterials SFAA, this unique structural feature will endow the crystals with excellent mechanical performance or other properties. In a future study, we should focus on the synthesis of SFAA in the absence of templates.
TEM Observation on the Tip of the Aragonite Aggregate.
To confirm our hypothesis that ACC transforms into an aragonite crystal, HRTEM was performed. Figure 6 (a) displays a synthetic spindle-shaped aragonite aggregate with a dark middle and two slightly bright tips, which implies that the middle of the aggregate has better crystallinity and is therefore more mature than the tips. The HRTEM image of the tip (Figure 6(b) ) shows that it is partially crystallized, with a small amount of amorphous material filling the internanocrystal space, as confirmed by the diffuse halo in the fast Fourier transform (FFT) pattern (Figure 6(c) ). Because no organic additives were used in our experiment, this amorphous material is ACC.
Notably, the crystallized portion was divided into two zones (I and II), which each show clear lattice fringes with distinct interplanar spacing (Figure 6(b) ). This finding indicates that nanocrystals in different zones are nucleated independently; therefore, nanocrystals in zones I and II are misoriented to each other, as shown by their respective lattice fringe orientations of 0.34 nm and 0.40 nm (Figure 6(b) ). Interestingly, two sets of clear lattice fringes are shown in zone II, indicating the contact of two nanocrystals. In addition, these two adjacent nanocrystals share common lattice fringes (0.40 nm) at the place where they intersect, suggesting that they formed a large crystal by oriented attachment [44] . This finding was confirmed by the FFT pattern, which exhibits clear spot scattering, similar to a single crystal (Figure 6(d) ). Our observations indicate that the aragonite crystal was transformed from ACC, and the nanocrystals that build the spindle-shaped aggregate or SFAA should be aggregated by oriented attachment. The SFAA is rare, and to the best of our knowledge, it has never been reported in previous studies where aragonites were grown on other substrates. Although there are different morphologies in the synthetic aragonite aggregates, they are initially formed from the adhered oriented nanoparticles and then gradually change into different structures. It appears that this growth pattern is unrelated to the substrates that were used; therefore, how does the SSIL control the transformation of ACC into aragonite crystals and regulate the formation of the unusual SFAA? 3.6. Possible Mechanism of SFAA Formation. As mentioned above, both the SSIL and ligament fibrous protein contained acidic amino acids and possessed β-sheet structural units. Therefore, we believe that the regulative function of the SSIL on the CaCO 3 polymorph will be similar to that of the ligament fibrous protein [21] . In other words, the acidic amino acids of the protein (or proteins) from the SSIL attract and bind Ca 2+ , triggering the formation of ACC on the surface of the SSIL (Figure 7(a) ). Next, the water-insoluble β-chitin, the interchain spacings of which are 0.485 nm and 0.80 nm-0.86 nm (swollen) in the ab plane Journal of Nanomaterials [45] , provides a template that promotes the transformation of ACC into aragonite, which has a similar lattice (a = 0.496 nm and b = 0.798 nm), by lattice matching and stereochemical recognition (Figure 7(b) ) [20, 21] . After that step, ACC continuously attaches to the surface of the aragonite crystals and assemble new crystals by oriented attachment and three-dimensional growth, ultimately forming nanorods and irregularly shaped aragonite aggregates (Figure 7(c) ). We suggest that the evolution of the morphology from an irregular shape to a starfruit shape is caused by the different surface adhesion energies of the crystals [46] and the variation in the growth rates on different crystallographic facets [47] . Although the typical morphology of an aragonite tablet is hexagonal, most of the aragonite crystals present as pseudohexagonal tricrystals. Consequently, these irregular structures evolve into starfruit-shaped structures with six ridges (Figure 7(d) ). These ridges promote the deposition of both ACC and crystals on the concavities between two adjacent ridges because the surface energies at the concavities are higher than at the ridges, and crystals are inclined to nucleate on concavities with lower surface energies (Figures 7(d) and 7(e) ). With increased crystallization time, increasing numbers of crystals formed on the concavities and attached the two tips of the SFAA, resulting in the formation of a spindle-shaped structure (Figure 7(f) ).
Conclusions
Starfruit-shaped aragonite aggregates were synthesized without any additives, and a gelatinous siphon sheath from the bivalve L. sieboldii was used as the substrate. The siphon sheath is composed of an outer and inner layer, the latter of which is a chitin-protein complex comprised of approximately 40% proteins and 60% β-chitin. The hydrophilic proteins and hydrophobic chitin provide the siphon sheath with good water absorption and swellability and ultimately control the nucleation of aragonite crystals. Our proposed mechanism for regulation begins with the acidic amino acids of the proteins triggering the formation of ACC. β-Chitin regulates the transformation of ACC into aragonite by both lattice matching and stereochemical recognition. The various surface adhesion energies of the crystal combined with the difference in growth rates for different crystallographic facets and the hexagonal structural features of the aragonite tablets cause the formation of starfruit-shaped aragonite aggregates.
Our findings suggest that the siphon sheath of the bivalve L. sieboldii may act as a substrate for the growth of pure aragonite and play an important role in the formation of shells. In future studies, we should focus on the structure of and interaction between β-chitin and proteins. Identifying and determining the structure of proteins in the siphon sheath is also highly important to further understand their role in biomineralization.
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